Myosin heavy chain (MHC) expression by inttafusal fibers was studied by immunocytochemistry to determine how closely it parallels MHC expression by extrafusal fibers in the soleus and tibialis anterior muscles of the rat. Among the MHC isoforms expressed in exttafusal fibers, only the along much of the fibers. Monoclonal antibodies (MAb) specific for this MHC bound to the entire length of bagz fibers and the extracapsular region of bag1 fibers. The fast-twitch MHC isoform strongly expressed by bag2 and chain fibers had an epitope not recognized by MAb to the MHC isoforms characteristic of developing muscle fibers or the three subtypes (2A, 2B, 2X) of Tjpe 2 exttafusal fibers. Therefore, inttafusal fibers may express a fast-twitch MHC that is not slow-twitch MHC of T y~e 1 exttafusal fibers was e~~t e s s e d
Introduction
Inuafusal fibers are the constituent fibers of muscle spindles. Differences in lability of myofibrillar ATPase activity after pre-incubation in alkaline or acid solutions permits classification of the intrafusal fibers as nuclear bagl, nuclear bag2, and nuclear chain fibers (Ovalle and Smith, 1972) .
The three types of intrafusal fibers in adult rats express different isoforms of myosin heavy chains (MHC). Some of the MHC isoforms expressed by intrafusal fibers, such as slow-tonic or a-cardiac, are not expressed by extrafusal fibers in rat hindlimb muscles Pierobon-Bormioli et al., 1980) . Expression of these "spindle-specific'' isoforms may correlate with the innervation of intrafusal fibers by afferents (Kucera and Walro, 1988, 1991a) . Other MHC isoforms expressed by intrafusal fibers, such as slow-twitch or neonatallfast-twitch, are similar to those present in extrafusal fibers (Rowlerson et al., 1985; te Kronnie et al., 1981) . Expression of these isoforms in the spindle might reflect origin of intrafusal and extrafusal fibers from common populations of myoblasts (Kucera and Walro, 1990a) .
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The present study reexamined the expression of MHC isoforms in intrafusal and extrafusal fibers of newborn and adult rat hindlimb muscles. Previous studies of MHC expression in spindles have shown that both intrafusal and extrafusal fibers bind antibodies to several myosins or MHC isoforms, but the specificities of these antibodies was often broad. Recently, monoclonal antibodies (MAb) have been generated that are highly specific for the slow-twitch MHC, subtypes of fast-twitch exuafusal fibers such as 2A or 2B, and developmental forms such as embryonic or neonatal MHCs, and hence a more detailed analysis of factors regulating MHC expression in newborn and adult rat intrafusal fibers is now possible.
Materials and Methods
SpecGcity of the Antibodies. A panel of monoclonal antibodies with various specificities for MHC isoforms was reacted with intrafusal and extrafusal fibers (Zble 1). Most of these MAb were tested by immunoblot analysis on muscle homogenates for crossreactivity with other MHCs by laboratories that generated the antibodies, and were found to be specific for particular MHC isoforms (see references in Table 1 ). Tissue Processing. Four newborn (day of birth) and four young adult (2-3-month-old) female Sprague-Dawley rats were used as donors of limb muscles. Entire crura of newborn rats or individual soleus (SOL) and tibialis anterior (TA) muscles of adult rats were removed under sodium pentobarbital (35 mg/kg P) anesthesia. Hearts (atrium and ventricle) of two of the newborn and two of the adult rats were also removed. The muscle Schiaffino et al., 1989 Schiaffino et al., 1989 Draeger et al., 1987 Sopper et al., 1991 Hoh and Hughes, 1989 Harris et al.. 1989 Schiaffino et al., 1986 Jacoby et al., 1989 Schiaffino et al.. 1988 Shafiq et al., 1984 Cerny and Bandman, 1986 Bader et al., 1982 MAb specific for cardiac MHC BA-G5 (1: 1600) Mouse Alpha-cardiac Rudnicki et al., 1990 Developed against avian pectoralis but is type specific for mammalian Type 2 fibers. Developed against avian anterior latissimus dorsi but is type specific for mammalian neonataliembrvonic MHCs ' Some crossreactivity with embryonic MHC.
specimens were quenched in isopentane cooled to -160'C with liquid nitrogen, and cut transversely into serial sections 8 pm thick in a cryostat. The sections were processed for myofibrillar adenosine 5'-triphosphatase @ATPase) at pH 9.4 (Brooke and Kaiser, 1970) , after pre-incubation at pH 10.5 (alkaline-stable mATPase) or pH 4.5 or 4.3 (acid-stable mATPase), or were reacted for 80 min at 37°C with one of several mouse IgG MAb known to bind to different isoforms of MHC present in adult rat extrafusal fibers. The MAb were used at dilutions that produced binding to the extrafusal fiber types for which the MAb were specific with minimal background staining (Table 1) . Binding of the primary antibodies was demonstrated by an immunoperoxidase reaction (Vectastain P4002 kit; Vector Laboratories, Burlingame, CA). Immunostaining of muscle fibers by the MHC MAb coupled with a peroxidase marker was classified as either absent ( -), weak to moderate (+), or strong ( + +). The protocol of staining was identical for all sections. The intensity of staining was assumed to reflect the relative amounts of the MHC isoform present in the muscle fibers. These staining procedures and their controls were reported in detail previously (Kucera and Walro, 1988,1989a,b) .
Identification of Muscles and Spindles. The SOL muscle was identified by locating its origin on the fibula and its insertion into the achilles tendon and by its greater proportion of myofibers that express slow-twitch MHC isoforms compared with other muscles of the crus. The TA muscle was identified on the basis of its location relative to the fibula and the small proportion of myofibers containing the slow-twitch MHC isoform in this muscle. Muscle spindles were identified as groups of small-diameter muscle fibers surrounded by a connective tissue capsule. Four regions of intrafusal fibers were identified on the basis of conventional morphological criteria (Kucera et al., 1978) : equatorial, juxta-equatorial (A), encapsulated polar (B), and extracapsular polar (C). The three types of intrafusal fibers present in adult spindles (the bag,, bag*, and chain fibers) were identified by their differ-ences in size arid mATPase activity after pre-incubation in acid and alkaline media (Kucera et al., 1978) . Bagz, bagl, and chain fibers of newborn spindles were identified on the basis of relative fiber length, density of nuclear profiles at the equator, and the pattern of expression of the slow-tonic MHC isoform (Kucera and Walro, 1990a) . Reciprocal patterns of staining for mATPase after pre-incubation in alkaline (pH 10.3) and acid (4.3) media were used to discriminate between Type 1 and Type 2 extrafusal fibers. Fibers were classified as Type 2A, 2B. or 2C on the basis of patterns of staining for mATPase after pre-incubation at pH 4.3 and 4.5 (Brooke and Kaiser, 1970) .
Results

ExtrafusaL Fibers
The adult SOL muscle consists of Type 1, 2A, and 2C extrafusal fibers, which could be identifed by differences in staining for mAPase (Brooke and Kaiser, 1970 Figure 1 ) that indicated the presence of a type-specific MHC isoform in each of these two fiber types (Gorza, 1990; Gauthier, 1986) . Type 2C fibers had an alkali-stable and acid-stable mATF'ase profile. This subtype of fast fiber co-expresses Type 1 and Type 2A MHC isoforms (Termin et al., 1989; Pierobon-Bormioli et al., 1981) . All Type 2C fibers in the SOL muscle bound MAb specific for the Type 1 MHC isoform. All Type 2C fibers also reacted in the SOL were 2 C fibers. whereas most Type 2C fibers in the TA muscle were 2 C fibers. Symbols in this and subsequent tables are the same as in Table 1. with WBMHC-f, an MAb that binds to the family of fast-twitch MHC isoforms but does not specifically recognize the Type 2A epitope. Only 2 0 4 5 % of SOL 2C fibers bound SC-71, an antibody specific for 2A MHC. These fibers, designated as 2 C in Table 2 , correspond to the 2C fibers described by Termin et al. (1989) . The remaining 65-70% of 2C fibers of the SOL showed little or no SC-71 binding. This staining pattern of histochemically identified Type 2C extrafusal fibers of the SOL was designated 2C (Table 2) , and may correspond to Type 1C fibers described by Termin et al. (1989) . Some 2C fibers of the SOL also reacted to 212 F, presumably due to co-expression of Type 2X MHC (Gorza, 1990) . The adult TA muscle is composed of Type 1, 2A, 2B, and 2C extrafusal fibers on the basis of the mATPase reaction of Brooke and Kaiser (1970) . The Type 1 and 2A fibers had the same pattern of binding with the panel of MHC MAb as the corresponding fiber types in the SOL muscle. Approximately 70% of Type 2C fibers of the TA bound not only WBMHC-s and WBMHCf but also SC-71, similar to 2 C fibers of the SOL muscle. The remaining 30% of fibers, histochemically identified as Type 2C, either did not bind SC-71 or showed little SC-71 reactivity in the TA, a staining pat-tern similar to 2C fibers of the SOL muscle. Type 2B fibers in the TA muscle reacted with BFB3, an antibody specific for 2B MHC. However, many Type 2 fibers in the TA muscle with patterns of mATPase staining of 2B fibers did not react with the antibody specific for Type 2B MHC. These fibers were classified as Type 2X fibers (Gorza, 1990; Schiaffino et al., 1989) . Fibers classified as 2X fibers bound both NOQ 7.5.2B and 212 F (Table 2; Figure 2 ).
Intrafusal Fibers
Twenty adult SOL and 20 adult TA muscle spindles were examined for mATPase activity and binding of MHC. Binding of MHC MAb in the equatorial region was limited to the periphery of intrafusal fibers. Myonuclei occupy most of the space within fibers in this spindle region. Therefore, patterns of mATPase staining and MHC MAbs binding were most intensely studied in two intracapsular (A or juxta-equatorial, and B or polar) regions and one extracapsular (C) region of intrafusal fibers. Most spindles in the two muscles contained one bagl, one bag2, and two chain fibers. No difference in the MHC immunoreactivity was noted between intrafusal fibers of SOL and TA muscles, despite the differences in their constituent populations of extrafusal fiber types.
Reactivity to MAb against slow-twitch or fast-twitch MHC isoforms correlated with levels of mATPase activity after alkaline or acid pre-incubation in intrafusal fibers, similar to extrafusal fibers ( Figure 3 ). The intracapsular region of bag2 fibers stained identically to Type 2C extrafusal fibers for alkali-stable and acid-stable mATPase, and co-expressed slow-twitch and fast-twitch MHC isoforms similar to Type 2C fibers. The bagl fibers had little or no detectable mATPase activity in the inner intracapsular region, and in this region did not bind any of the MHC MAb that bind to extrafusal fibers which exhibit alkali-stable or acid-stable mATPase activity. The low level of mATPase activity in the bagl fiber is consistent with that shown by tonic extrafusal fibers in the anterior latissimus dorsi muscle of chickens, and reflects the presence of a slow-tonic MHC in this region of bagl fibers (Kucera and Walro, 1989a) . Both types of bag fiber were alkali-labile and acid-stable for mATPase and bound slow-twitch MHC in the extracapsular region, and thereby resembled Type 1 extrafusal fibers in this region. The chain fibers demonstrated high alkali-stable and low acid-stable mATPase activity throughout their intracapsular length, similar to most subtypes of Type 2 extrafusal fibers. They also bound MAb to fast-twitch but not slow-twitch MHC isoforms ( Figure 3 ).
Binding of MAb Specz3c for Adult Mammalian Is0 forms
Only two sets of MHC MAb reactive with adult extrafusal fibers avidly bound to great lengths of intrafusal fibers (Table 3) : those specific for the Type 1 MHC isoform (such as WBMHC-s or BA D-5), and those reactive with fast-twitch MHC isoform but showing no subtype specificity (such as WBMHCf or MY32). MHC MAb or combinations of MAb specific for 2A, 2B, or 2X subtypes were either unreactive or bound to short regions of inuafusal fibers.
The three types of intrafusal fiber expressed different MHC isoforms (Table 3; The bag1 fiber did not bind any of the MHC MAb reactive with the extrafusal fibers in its inner intracapsular portion, near the spindle equator. The only adult MAb bound by the bag1 fiber were MAb to Type 1 and 2A MHCs. MAb against the Type 1 MHC isoform bound avidly to outer encapsulated polar and extracapsular regions of this fiber. SC-71, an MAb specific for the 2A MHC, bound moderately to the encapsulated polar region of most bag1 fibers.
Immunoreactivity of bag1 (bi), bag2 (bz), and chain (c) intrafusdfibers of adult SOL and TA muscle spindles with a panel of anti-MHC antibodies in the juxta-equatod (A), encapsulated polar (B), and extracapsular polar (C) fiber regions
Chain fibers strongly bound WBMHC-f and My32, the two MAb with rather broad-spectrum reactivity against fast-twitch MHC isoforms, similar to bag2 fibers. Unlike bag fibers, the chain fibers did not bind MAb to Type 1 MHC. This pattern of binding, which was invariably present throughout the chain fiber length, might reflect the presence of a fast-twitch isoform other than Type 2A, 2B, or 2X, because none of the MAb or combinations of MAb specific for subtypes of Type 2 extrafusal fibers exhibited a pattern of binding that remotely resembled that of MY32 or WBMHC-f.
Reactivity to MAb S'eczj% for Embryonic and/or Neonatal MHCs
Adult intrafusal fibers have been reported to express embryonic and/or neonatal MHC isoforms (Maier et al., 1988; Rowlerson et al., 1985) . In the present study, the bag1 fiber bound the embryonic MAb Fl.6521 and BF-G6 in the vicinity of termination of the spindle capsule. The chain fibers bound the embryonic MAb BFG6 in the encapsulated polar fiber regions. The bag2 fiber or extrafusal fibers did not bind any of the MAb specific for embryonic MHC isoforms in adult muscles (Table 3) . Adult intrafusal fibers did not bind the neonatal MAb BFB6 ( Figure 5 ).
Reactivity to Avian MA6 S'ecz3c for Intrafusal Fibers
Intrafusal fibers contain MHC isoforms reactive with MHC MAbs generated against avian muscles (te Kronnie et al., 1981; Pierobon-Bormioli et al., 1980) . Two such MAb, ALD 58 and MF-309, had different patterns of binding to the three types of intrafusal fibers (Table 3; Figure 6 ). ALD 58, an MAb against slow-tonic MHC of chicken anterior latissimus dorsi muscle, bound to nearly the entire length of bag1 fibers and the juxta-equatorial region of bag2 fibers. MF-30, an MAb against neonatal and adult fast-twitch MHC of chicken pectoralis muscle, bound strongly to the intracapsular regions of bag2 fibers and to the entire length of chain fibers. ALD 58 did not crossreact with extrafusal fibers of newborns or adults. MF-30 strongly bound to the extrafusal fibers of newborn muscles, but bound weakly and nonspecifically to all extrafusal fibers in adults.
2E9 is a chicken-derived MAb that specifically reacts with the avian neonatal MHC isoform (Cerny and Bandman, 1986) . In our samples, this MAb bound to neither extrafusal nor intrafusal fibers of newborn or adult SOL and TA muscles (Tables 2, 3, and 4) .
The chicken-derived MAb ALD 19 has been used in studies of developing and adult spindles as a marker for the avian slow-tonic MHC isoform Pedrosa et al., 1989) , even though it also reacts with mammalian Type 2 extrafusal fibers (Sawchak et al., 1985) . In our study ALD 19 bound not only to Type 2 extrafusal fibers but also to all three types of intrafusal fibers.
This crossreactivity negates the suitability of ALD 19 as a marker specific for slow-tonic MHC, hence we excluded this MAb from the panel of antibodies used in the present analysis of MHC expression in intrafusal fibers.
Binding of MAbs t o Avian Muscles
Each antibody of the panel was reacted against three adult chicken muscles, the slow anterior latissimus dorsi (ALD), the predominantly fast posterior latissimus dorsi (PLD), and the mixed (80% fast, 20% slow) anterior biventer cervicis (ABVC) muscles to check the specificity of the MAb generated against avian muscle and to check the crossreactivity of MAb generated against mammalian muscles. ALD 58 bound to slow-tonic extrafusal fibers in the three muscles, whereas MF30 and 212 F bound to fast fibers in the PLD and ABVC muscles. Two MAb generated against mammalian muscles v- (WBMHC-f and m 3 2 ) crossreacted with avian fast extrafusal fibers in the PLD and ABVC muscles. The other mammalian type-specific or embryoniclneonatal-specific MHC MAb did not react with chicken muscles.
Binding of MA6 to Cardac Muscle
Rat intrafusal fibers express cardiac MHC isoforms ; therefore, each of the MHC MAb listed in Table 1 was tested for crossreactivity with atrial and ventricular muscle of newborn and adult rats. Three antibodies, BA-G5, WBMHC-s. and BA-D5, strongly bound to the cardiac muscle. BA-G5 is specific for a-cardiac MHC, whereas WBMHC-s and BA-D5 presumably crossreacted with P-cardiac MHC (LomprE et al., 1984) . MF-30 showed weak nonspecific reactivity with all cardiac muscle fibers, analogous to the nonspecific binding observed to extrafusal fibers. The anti-fast MAb WBMHC-f and MY32 did not bind to cardiac muscle.
In adult spindles BA-GS, an MAb specific for a-cardiac MHC, bound to the juxta-equatorial region of bag2 fibers and the intracapsular polar region of bag2, bagl, and chain fibers ( Figure 6 ). In spindles of newborns BA-G5 bound strongly to the bag2 fibers only ( Table 3) .
Fibers of Newborn Muscies
Some intrafusal fibers of adult spindles express developmental MHC isoforms (Maier et al., 1988) . Therefore, determination of which, if any, of the MAb against adult MHC isoforms crossreacts with embryonic or neonatal MHCs was essential. All of the MHC MAb were tested against cross-sections of crus from newborn rats ( Table  4 ). Muscles of newborn rats contain neonatal myosin as well as embryonic myosin, the latter being especially prevalent in secondary myotubes (Harris et al., 1989) .
The primary myotubes (future Type 1 fibers) of newborn muscles bound slow-twitch MHC MAb, similar to adult Type 1 extrafusal fiber, indicating the presence of adult Type 1 myosin (Harris et al., 1989) . Bag2 and bagl, but not chain myotubes, also bound slowtwitch MAb (Figure 7 ). In addition, several MAb (F1.6521, BF-G6, BFB6), known to be specific for embryonic or neonatal MHC isoforms (Table I) , reacted with extrafusal fibers as well as all three types of intrafusal fibers of the newborn muscles (Table 4) . However, neither "mixed" nor "fast" secondary myotubes (Kucera and Walro, 1990a) of newborn muscles bound SC-71 or BFF3, indicating that the Type 2A or Type 2B MHC of adult extrafusal fibers are not yet expressed at birth and that neither SC-71 nor BF-F3 crossreacts with embryonic or neonatal MHC isoforms (LaFramboise , 1991) . Antibodies NOQ 7.5.2B and 212 F which react with Type 2X extrafusal fibers of adults likewise did not bind to newborn muscles ( Table 4 ).
Discussion
S'ecz&ty of MA6
An inherent limitation of immunocytochemistry is a potential for recognition of multiple epitopes by a single antibody, and hence the potential for misinterpretation of MHC expression. The specificity of most of the MHC MAb used in this study was determined by immunoblotting from well-defined myosin preparations of extrafusal fibers by the laboratories which generated the antibody. Furthermore, specificity of the MAb was corroborated whenever possible by comparing two MAb from different sources with the same reported specificity. Interpretation of data in the present study is based on the assumption that these MAb recognize the same MHC epitopes in intrafusal fibers as they do in extrafusal fibers. However, the sparsity of intrafusal fibers relative to extrafusal fibers makes isolation of myosin from intrafusal fibers and biochemical analysis impractical.
The patterns of MHC expression reflected by immunocytochemistry correlate with mATPase profiles, structural data, and physio-logical data for intrafusal fibers. High alkali-stable mATPase activity together with low acid-stable mATPase (such as in chain fibers) correlated with the expression of the fast-twitch MHC isoforms, whereas low alkali-stable mATPase activity together with high acidstable mATPase (such as in the extracapsular region of bag fibers) correlated with the presence of the slow-twitch MHC isoform in intrafusal fibers, similar to that observed in extrafusal fibers. Moreover, the presence of an M-line (an ultrastructural feature of twitch fibers) correlates with the expression of twitch MHC isoforms, whereas the absence of an M-line correlates with the expression of tonic MHCs in all mammalian intrafusal fibers (Kucera and Walro, 1989a; Rowlerson et al., 1985) . Lastly, the relative speed of contraction of the bagl, bag2 and chain fibers parallels their immunocytochemical content of slowor fast-twitch MHC isoforms in both rats and cats (Kucera and Walro. 1989a; Rowlerson et al., 1985) . The overall slower speed of contraction of intrafusal fibers relative to extrafusal fibers may therefore reflect the presence of additional MHC isoforms in the intrafusal fibers, such as the slowtonic or a-cardiac MHCs not present in extrafusal fibers of hindlimb muscles Pierobon-Bormioli et al.. 1980) . Therefore, binding of MAb originally generated to extrafusal MHC isoforms is assumed to be an accurate reflection of the MHCs present in intrafusal fibers. 
Extrafusaal Fibers
Extrafusal fibers could be classified into four categories (Type 1, 2A, 2B, and 2C)) on the basis of differences in patterns of staining for mATPase (Brooke and Kaiser, 1970) , although fibers with intermediate patterns of staining were also observed (Termin et al., 1989) . Binding of MHC MAb was consistent among Type 1 or Type 2A fibers and conformed to the pattern reported previously (Gorza, 1990) . However, both Type 2B and 2C extrafusal fibers exhibited heterogeneous patterns of MHC MAb binding. Fibers identified as 2B on the basis of the staining pattern for mATPase could be segregated into 2B and 2X fibers based on differences in binding to antibodies FB-F3 and 212 F (Gorza, 1990; Schiaffino et al., 1989) . Fibers identified as 2C fibers by their staining patterns for mATPase exhibited different affinities for SC-71, an MAb that is specific for the 2A MHC. Most 2C fibers in the SOL contained more Type 1 MHC than Type 2A MHC by immunocytochemistry, a pattern designated 2C. Most 2C fibers in the TA muscle contained immunocytochemically equivalent amounts of Type 1 MHC and Type 2A MHC, a pattern designated 2C". The 2 C and 2C" fibers in our study may correspond to fibers designated as 1C and 2C, respectively, by Termin et al. (1989) . Most extrafusal myotubes and fibers undergo a transition from Type 2 to Type 1 in the SOL muscle during ontogeny (Kugelberg, 1976) . and 2C fibers are assumed to represent a fiber capable of transformation into a Type 1 fiber (Gorza, 1990) . Hence, 2C fibers in the SOL muscle that contain abundant Type 1 MHC and little or no Type 2A MHC may be fibers in transition from Type 2 to Type 1.
Intrafusaal Fi&ers
Only one of the type-specific MHC isoforms found in adult extrafusal fibers of rat hindlimbs, the Type 1 MHC, was expressed to a large extent along intrafusal fibers in the spindle. The observed binding of slow-twitch MHC MAb throughout the entire length of the bag2 fiber and in the extracapsular region of bagl fibers is consistent with previous reports on the slow-twitch MHC expression in cat and rat spindles (Kucera and Walro, 1989b, 1990a; Rowlerson et al., 1985) . In contrast, Type 2A, 2B, or 2X MHC isoforms either were absent or were present for only a short length of rat intrafusal fibers. Distributions of 2A and 2B MHC isoforms were restricted to short regions of bag1 and chain intrafusal fibers in spindles of both SOL and TA muscles, based on the binding patterns of SC-71 and BFF3 MAb. The 2X MHC isoform is probably not expressed in the rat spindle. Regional inuafusal binding of NOQ 7.5.2B and 212 F, the two MAb that crossreacted with ZX, probably reflected the presence of 2A or 2B MHC in bagl and chain fibers rather than the presence of 2X MHC, because the regions which bound NOQ 7.5.2B or 212 F overlapped with those staining with SC-71 and/or BF-F3 MAb. Hence, the transition from the developmental to adult 2A, 2B, and 2X isoforms observed during the maturation of extrafusal fibers (LaFramboise et al., 1991) OCcurs to a limited degree, or not at all, in intrafusal fibers.
A specific form of the fast-twitch myosin which is different from the MHC isoforms characteristic of the three subtypes of Type 2 extrafusal fibers might be widely distributed in bag2 and chain fibers ofrat spindles. Two members ofthe panel of fast-twitch MAb, WBMHCf and MY32, reacted strongly with bag2 and chain fibers. Both of these MAb exhibit broad reactivity, binding to all adult Type 2 MHC isoforms as well as to second-generation myotubes of newborn muscles. However, bag2 fibers did not bind subtypespecific Type 2 MAb and the chain fibers expressed 2A and 2B MHC isoforms only in short, well-defined regions and did not express 2X MHC. Furthermore, this isoform of MHC is distinct form mammalian embryonic and neonatal MHCs because the bag2 fiber bound none of the embryonic or neonatal MAb, and the expression of the embryonic MHC in chain fibers was limited to the encapsulated polar fiber region. This novel MHC isoform of bag2 and chain fibers is also different from cardiac MHCs because neither WBMHCf nor MY32 reacted with the rat heart muscle, and the binding pattem in spindles of BA-G5, an UAb specific for a-cardiac MHC, did not match that of WBMHCf or MY32.
The MHC isoform of bag2 and chain fibers unmasked by WBMHCf and MY32 binding might be identical to one of the six fast MHC isoforms expressed during ontogenesis of avian pectoralis muscle (Hofmann et al., 1988) . The distribution ofWBMHC-f and MY32 binding by intrafusal fibers in adult spindles paralleled that of MF-30 in the present study and of MAb FTW in the study of Pedrosa et al. (1989) . MF30 (as well as FTW) was generated against MHCs from the chicken pectoralis muscle (Bader et al., 1982) . Hence, the fast-twitch MHC epitope in bag2 and chain fibers which binds a 3 0 (as well as WBMHC-f, MY32, and FTW) might (Kucera and Walro, 1990a) . Note that both bag1 and bag2 fibers, but not chain fiber, express slow-twitch MHC (B). All three types of intrafusal fiber express embryonic (C) and neonatal (D) MHC. Original magnification x 63. Bar = 20 vm. be analogous to an avian fast-twitch epitope. 2E9, a chicken-derived MAb specific for avian neonatal MHCs. did not co-localize in rat spindles with MF-30, indicating that the reactivity of adult bag2 and chain fibers with MF-30 is not due to the presence of an avian perinatal MHC isoform. If rat bag2 and chain fibers contain a fasttwitch MHC isoform with a reactivity of an avian fast-twitch MHC isoform, then WBMHCf and MY32 (which react to identical regions of intrafusal fibers as MF-30) would be expected to crossreact with fast fibers of chicken pectoralis muscle. This was shown to be the case.
Two specific MHC isoforms, the embryonic and neonatal, are expressed in developing but not adult skeletal muscles of mammals (Whalen et al., 1981) . Similar to extrafusal fibers, bagi. bagz, and chain fibers of newbom hindlimb muscles bound both the embryonic and/or neonatal MHC MAbs. Unlike extrafusal fibers, bag1 and chain fibers of adults retained expression of the embryonic MHCs in some regions. The embryonic MAb F1.6521 had a similar pattern of intrafusal binding in adult spindles to that reported by Maier et al. (1988) for embryonic MAb 2B6. However, the binding pattern of two other embryonic MAb, ALD 180 and BFG6, was somewhat different from that of F1.6521 and 2B6, possibly reflecting differences in affinities or the existence of more than one embryonic MHC isoform .
The absence of intrafusal binding of BF-B6, an MAb specific for neonatal MHC, is not consistent with the suggestion that bind-ing of a polyclonal Ab " 5 is due to the expression of neonatal MHC in bag2 and chain fibers in adults (Pedrosa et al., 1989) .
Regulation of Intrafusal MHC Expression
The present study indicates that four MHC isoforms are expressed for considerable lengths along intrafusal fibers in adult rat spin- Pedrosa et al. (1989) .] dles. They have epitopes recognized by MAb to mammalian Type 1 (0-cardiac), avian slow-tonic, avian fast-twitch, and a-cardiac MHC isoforms (Figure 8 ).
The expression of Type 1 MHC in bag2 fibers is probably inherent to this type of intrafusal fiber. Bag2 fibers originate from primary myotubes (Kucera et al., 1989; Milburn, 1973) . All primary myotubes of rat hindlimbs express the adult Type 1 MHC isoform from the beginning of their existence (Harris et al., 1989) , and this MHC is expressed even in those primary myotubes that assemble in the absence of innervation or muscle activity (Condon et al., 1990) . However, the type of activity imposed on bag2 fibers by efferents or muscle stretch might play a role in the maintenance of Type 1 MHC after birth. Extrafusal fibers deprived of innervation gradually cease to express Type 1 MHC (Harris et al., 1989) .
The expression of Type 1 MHC in the extracapsular region of bag1 fibers may likewise reflect the origin of this fiber type during ontogeny. Bag1 fibers assemble at the time of secondary myogenesis in the SOL muscle (Kucera et al., 1989) . At birth, bag1 fibers express both the Type 1 MHC and neonatal/fast MHCs, similar to the pattern of expression by "mixed" secondary myotubes that eventually mature into Type 1 extrafusal fibers in the SOL muscle of rats (Kucera and Walro, 1990a) . As the bag1 fiber matures, the expression of Type 1 MHC ceases first at the equator and cessation then progresses into the poles within the capsule (Kucera and Walro, unpublished observations) , as though the afferents located at the equator formed a gradient of inhibition of Type 1 MHC synthesis from the equator to the end of the intracapsular region. Expression of this MHC isoform is retained in the extracapsular regions of bagl fibers.
Chain fibers did not express Type 1 MHC in newborn or adult muscles. The previous report of slow-twitch MHC expression in developing chain fibers (Kucera and Walro, 1990a) was not consistent with the data obtained in the present study, possibly because the MAb used in the present study had a greater specificity for Type 1 MHC. The absence of expression of Type 1 MHC in chain fibers was not due to the absence of an extracapsular region because long chain fibers of cat spindles, which extend for more than 1 mm beyond the termination of the capsule, do not express this MHC (Kucera and Walro, 1989b) . Rather, the absence of Type 1 MHC isoform in chain fibers may reflect the origin of this intrafusal fiber type from fast secondary myotubes, which do not express the slow-twitch MHC at any developmental stage (Kucera and Walro, 19904. The MHC whose epitope is recognized by the MAb to avian slow-tonic MHC isoform is not detectable at any stage of myogenesis before the arrival of innervation in rat hindlimbs (Kucera and Walro, 1990a) . Fetal muscles of rats devoid of innervation by treatment with 0-bungarotoxin do not bind MAb to slow-tonic MHC (Kucera and Walro, 1990b) , nor do regenerated myotubes devoid of innervation . Experimental data suggest that the slow-tonic MHC isoform is induced in bag2 and bagl intrafusal fibers by afferent rather than efferent neurons. Expression of slowtonic MHC begins at the equator of developing intrafusal fibers where sensory terminals are located, and spreads from this region into the poles of bagl and, to a lesser degree, bag2 fibers during development (Kucera and Walro, 1991a) . In addition, deafferentation, but not deefferentation, of hindlimb muscles of newborn rats results in the cessation of slow-tonic MHC expression (Kucera and Walro, 1987,1988) .
The MHC whose epitope is recognized by the MAb to avian fast-twitch MHC isoform might also be induced in bag2 and chain fibers by afferents. Strong binding of MF-30 was limited to the intracapsular regions of bag2 and chain fibers, whereas the extracapsular regions of bag2 fibers, which are distant to afferents, had only weak binding of MF30. Extracapsular regions of long chain fibers in cats also lack strong MF30 binding (Kucera and Walro, 1989b) . Deafferentation, but not deefferentation, of newborn rat spindles decreases the affinity of intrafusal fibers for MF-30 (Kucera and Walro, 1988) .
The spindle reactivity to chicken-derived ALD 58 and MF3O might reflect the persistence of phylogenetically more primitive MHC isoforms in intrafusal fibers of hindlimb muscles. Spindles in lower vertebrates, such as in reptiles and birds, contain intrafusal fibers with the same morphological and histochemical properties as adjacent slow-tonic or fast-twitch extrafusal fibers (Pallot and Taberner, 1974) . The presence in mammalian spindles of MHCs characteristic ofextrafusal fibers in lower vertebrates may be rdlective of the phylogenetic origins of spindles. These more primitive MHC isoforms might be maintained by afferents in the intracapsular regions of intrafusal fibers, but are lost in extracapsular regions of the fibers where afferents may exert little or no influence. Finally, efferents rather than afferents might induce and maintain the expression of a-cardiac MHC in intrafusal fibers. The onset of a-cardiac MHC reactivity in nascent spindles coincides with the arrival of fusimotor axons, and neonatal deefferentation decreases the binding of a-cardiac MHC MAb to bag fibers . Alpha-cardiac MHC is also expressed by the extraocular muscle fibers, which are innervated by multiple motor axons similar to intrafusal fibers uacoby et al., 1990).
Other MHC isoforms, such as 2A and 2B, are limited to short regions along the length of bagl and chain fibers. Whether expression of these MHC reflect s the origin of bag1 and chain fibers from secondary myotubes which also give rise to Type 2 extrafusal fibers, or whether it reflects the influence of an external factor(s), is not clear.
Regional MHC Kinability
MHC expression is uniform along the length of extrafusal fibers of a single motor unit (Gauthier et al., 1983) . This suggests that motor activity synchronizes MHC gene expression by all myonuclei of an extrafusal fiber in the motor unit. In contrast, MHC expression was non-uniform along the length of intrafusal fibers. This regional variability may reflect a lack of dominance of motor innervation in coordinating MHC gene expression of intrafusal myonuclei. Several lines of evidence support this hypothesis. Bag2 and chain fibers in rat and cat spindles and, less frequently, bagl and bag2 and/or chain fibers in rat spindles, share motor innervation in newborns and adults (Kucera et al., 1988a (Kucera et al., ,b,1991 Arbuthnott et al., 1989; Kucera, 1985) , yet these intrafusal fiber types express different MHC isoforms. Moreover, slow-tonic MHC, the principal marker for intrafusal fibers, persists in the bagl and bag2 fibers after abolition of motor activity in fetuses and deefferentation in newborn rats (Kucera and Walro, 1988,1991b) . Thus, afferent rather than efferent innervation seems to dominate MHC expression in the intracapsular region of intrafusal fibers. Afferent control of intracapsular myonuclei, forming a "nuclear domain" (Pavlath et al., 1989) centered at the equator of intrafusal fibers, seems plausible. Aggregation of myonuclei into equatorial "nuclear bags" and "nuclear chains" may then be an adaptation whereby regional control of gene expression by afferents is facilitated by clustering of myonuclei near afferent nerve terminals on intrafusal fibers (Kucera and Walro, 1989bJ991a) . The concept of regional differences resulting from specific nuclear domains may also explain why MHC expression differs between intracapsular and extracapsular regions of intrafusal fibers and why some short well-defined regions of bag1 and chain fibers express embryonic, 2A or 2B MHC, respectively.
These regions might have their MHC expression regulated by an external factor other than afferent neurons, or be inherent to the muscle cells forming the intrafusal fibers.
Conchaions
The multiplicity of MHC isoforms expressed in individual intrafusal fibers reflects che interplay of intrinsic and extrinsic regulatory factors. Some of the MHC isoforms are intrinsic to the three types of myotube that give rise to the intrafusal fibers, and are retained during ontogenesis. Other MHC isoforms are induced in intrafusal fibers by external factors, such as afferent innervation. In addition, poorly understood factors, such as motor innervation, muscle activity, muscle stretch, or the intracapsular humoral milieu, might contribute to the complex pattern of MHC expression in rat muscle spindles.
